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The compounds BaDy2O4 and BaHo2O4 are part of a family of frustrated systems exhibiting
interesting properties, including spin liquid-type ground states, magnetic field-induced phases, and
the coexistence of short- and long-range magnetic orders, with dominant one-dimensional corre-
lations, which can be described as Ising J1–J2 zigzag chains along the c-axis. We have investi-
gated polycrystalline samples of BaDy2O4 and BaHo2O4 with both neutron diffraction and neutron
spectroscopy, coupled to detailed crystalline electric field calculations. The latter points to site-
dependent anisotropic magnetism in both materials, which is corroborated by the magnetic struc-
tures we determined. The two systems show the coexistence of two different long-range orders —
two double Ne´el ↑↑↓↓ orders in the ab-plane with propagation vectors k1 = ( 12 ,0, 12 ) and k2 = ( 12 , 12 , 12 )
for BaDy2O4, and two distinct arrangements of simple Ne´el ↑↓↑↓ orders along the c-axis, both with
the propagation vector k0 = (0,0,0) for BaHo2O4. The order for both wave vectors in BaDy2O4
occurs at TN = 0.48 K, while in BaHo2O4, the first order sets in at TN ∼ 1.3 K and the second
one has a lower ordering temperature of 0.84 K. Both compounds show extensive diffuse scattering
which we successfully modeled with a one-dimensional axial next-nearest neighbor Ising (ANNNI)
model. In both materials, strong diffusive scattering persists to temperatures well below where the
magnetic order is fully saturated. The ANNNI model fits indicate the presence of sites which do
not order with moments in the ab-plane.
PACS numbers: 75.10.Dg,75.10.Pq,75.25.-j,75.30.Gw,75.47.Lx,75.40.-s
I. INTRODUCTION
Among the pyrochlores, spinels, and kagome struc-
tures, a newly synthesized family of magnetically frus-
trated compounds with general formula AkLn2O4 (where
Ak = alkaline earth metal, and Ln = lanthanide) has re-
cently attracted attention1, as they offer a novel route to
magnetic frustration. This family of compounds shows
a large variety of magnetic properties, ranging from the
coexistence of short- and long-range magnetic order2–7,
to the complete absence of magnetic order down to the
lowest accessible temperature despite strong magnetic
interactions8–10. In applied fields, the magnetization
shows the formation of plateaus at 1/3 of the saturation
value11, which are concurrent with field induced magnetic
order12–16.
The crystalline structure of the AkLn2O4 compounds
belongs to the Pnam space group, where the lattice of
magnetic rare earth ions forms hexagonal tiles in the ab-
plane, and zigzag chains along the c-axis. In this struc-
ture, each rare earth ion is located inside a differently dis-
torted O octahedron, resulting in two inequivalent rare
earth sites with a distinct crystal electric field (CEF)
environment. It has been argued that the unusual mag-
netism in SrLn2O4 originates from the chains, which can
be described as an effective one-dimensional (1D) Ising
J1–J2 spin chain model
7,17 — commonly referred as the
1D axial next-nearest neighbor Ising (ANNNI) model18.
The spin anisotropy in AkLn2O4 is controlled by the
CEF, which splits the J multiplet of the rare earth ions8.
The observed CEF splitting often results in an Ising-type
interaction between the rare earth moments, reducing the
effective dimension of the exchange to a zigzag chain of
spins.
Microscopic models trying to explain ferromagnetic or-
der started out in one dimension, when Ising tried to de-
termine the origin of magnetic order in ferromagnets19,20.
This development was followed by Heisenberg’s discovery
that the origin of the molecular fields in the Weiss theory
of ferromagnetism are due to a combination of Coulomb
repulsion and the Pauli exclusion principle. At the same
time this also gave rise to the possibility of antiferromag-
netic interactions, as well as the formation of singlets
with spin zero starting from two interacting spin-1/221.
The quantum mechanical solution of the 1D antiferro-
magnetic Heisenberg model was later found by Bethe22.
After this, it took almost 40 years before the remarkable
lack of long-range order at finite temperatures for sys-
tems with continuous symmetry in one and two dimen-
sions was put on a solid theoretical footing by Mermin
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2and Wagner23.
The discovery that the excitations of the 1D spin-
1/2 Heisenberg chain are fermions by Faddeev and
Takhtajan24, the so-called spinons, led to renewed inter-
est in this field. This work was followed by the seminal
papers of Haldane which showed the difference in the
excitation spectrum between integer and half-integer 1D
chains25,26. The attraction to study low-dimensional spin
systems became stronger after the discovery of the high-
temperature superconductors which started the search
for other such systems in the hope to increase the mag-
netic fluctuations, and as consequence, the superconduct-
ing critical temperature Tc. The result of these efforts,
for example, were the so-called ladder compounds by
Dagotto and Rice27, which are not only in between one
and two dimensions, but also pointed to the important
role frustration has in selecting the ground state. Then,
Affleck discovered that the application of a magnetic field
to integer spin chains in one dimension with antiferro-
magnetic interactions leads to a quantum phase transi-
tion where spin excitations undergo a Bose-Einstein con-
densation, initiating the search for new quantum mag-
netic ground states28. Furthermore, the magnetization
in these systems shows plateaus, as the magnetization
per site is topologically quantized29.
Antiferromagnetic zigzag chains, such as AkLn2O4,
combine the effect of low dimensionality with magnetic
frustration due to the antiferromagnetic next-nearest
neighbor interactions. In an applied magnetic fields,
zigzag chains show a plateau in the magnetization at
1/3 of the saturation value, even in the classical limit30,
and a rich magnetic phase diagram19. Also, while con-
ventional long-range order is prohibited by the Mermin-
Wagner theorem, zigzag chains can still acquire chiral or-
der, which should survive to finite temperatures31. In a
chirally ordered state, spins have a tendency to rotate in
a preferred plane with a preferred rotational direction31.
In the ANNNI model, the ground state at zero tem-
perature is determined through competing interactions
between the nearest neighbors J1 and the next-nearest
neighbors J2:
H =
∑
i
J1Sˆ
z
i Sˆ
z
i+1 + J2Sˆ
z
i Sˆ
z
i+2. (1)
The ANNNI model can accommodate different types of
anti-ferromagnetic order, depending on the ratio J2/J1
of the interactions32. The ground state is a simple Ne´el
state for an antiferromagnetic J1 and a J2 which is either
ferromagnetic or weakly anti-ferromagnetic, such that
J2 > −0.5|J1|. A double Ne´el state forms for an anti-
ferromagnetic J2 with J2 < −0.5|J1|, where J1 can be
either ferromagnetic, or antiferromagnetic. A ratio close
to the critical value separating these two ground states
leads to frustration — a strong source for fluctuations.
In this paper, we present a detailed investigation of the
magnetic structure of BaDy2O4 and BaHo2O4 for which
only growth, specific heat, and magnetization have been
reported33,34. The motivation behind this investigation
is a direct comparison with the isotructural compounds
Sr(Dy,Ho)2O4 by replacing the non-interacting Sr atoms
with larger Ba atoms. As the interactions are governed
by crystalline electric field effects, which are very sen-
sitive to local structure, the change from Sr to Ba will
change the anisotropy and strength of the magnetic in-
teractions.
II. RESULTS AND ANALYSIS
A. Samples preparation and experimental
technique
BaDy2O4 and BaHo2O4 powders were prepared by
solid state reaction using high purity starting materials.
Stoichiometric mixtures of Dy2O3/Ho2O3 (99.995%) and
BaCO3 (99.994%), with a 1% surplus of carbonate, both
dried at 600°C and weighed in a glove-box, were mixed in
a ball mill and pressed into a rod. The rods were heated
in an argon atmosphere at 1300°C in an alumina crucible
for 12 hours. The solidified rods were ground, repressed
into rods, and heated once more under the same condi-
tion. This resulted in single phase samples, as determined
by X-ray powder diffraction. For specific heat measure-
ments, small single crystals of BaHo2O4 were grown from
Ba flux following the method described by Besara et al.34.
In order to establish the CEF splitting of the ground
state multiplets J = 15/2 and J = 8 of the Dy3+ and the
Ho3+ ions, respectively, inelastic neutron scattering ex-
periments were performed on powders of both BaDy2O4
and BaHo2O4 using the MERLIN time-of-flight spec-
trometer at ISIS in the United-Kingdom35. The two sam-
ples were mounted in a double-walled aluminum cylinder
to maximize the scattering intensities36. Spectra were ac-
quired for both samples at incident neutron energies Ei
of 12.30, 20.00, 38.20 and 100.00 meV and temperatures
T of 7, 75 and 150 K. A calculation of the CEF energy
levels and the inelastic neutron spectra were performed
with the program multiX37.
To determine the magnetic structure of the com-
pounds, elastic neutron scattering data were acquired on
the same powders using the HRPT diffractometer at the
Paul Scherrer Institut (PSI) in Switzerland38. Data were
collected from T = 0.07 K up to 30 K at a neutron wave-
length λ of 1.886 A˚ for BaDy2O4, and from T = 0.20 K
up to 60 K at the same wavelength, with additional data
at λ = 1.155 A˚, for BaHo2O4. Due to the strong neutron
absorption of Dy, the BaDy2O4 powder was loaded into a
double walled copper cylinder, while for BaHo2O4, a sim-
ple copper cylinder was used. Both cylinders were filled
with 10 bar of helium at ambient temperature to ensure a
good thermalization. The magnetic structure was refined
through a Rietveld analysis with the FullProf Suite39.
Magnetization measurements on the powders were car-
ried out using a Quantum Design SQUID-VSM, equipped
with a 7 T magnet, over the temperature range from
300 K down to 1.8 K. The specific heat measurements
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FIG. 1. Inelastic neutron scattering spectra for BaDy2O4
(top) and BaHo2O4 (bottom) at T = 7 K for various incident
energies Ei. Here, the spectra have been summed over all |Q|
values. The solid line is the sum of the contributions from the
two rare earth sites. The contribution from site 1 is shown
as the orange dashed line and the contribution from site 2 is
shown as the blue dashed line. The lines were obtained by
fitting the experimental spectra with calculations using the
program multiX.
were made using a Quantum Design PPMS equipped
with an 3He refrigerator, down to a temperature of
0.35 K.
B. Crystalline electric fields excitations
The program multiX was used to calculate the inelas-
tic neutron spectra for comparison with the experimental
spectra. It computes the energy levels of an individual
magnetic ion in the CEF defined by the charges at the
positions of the neighboring ions. This permits the char-
acterization of the single-ion anisotropy. Here, we are
taking advantage of the fact that multiX allows us to
calculate CEF levels in systems with low symmetry, such
as the BaLn2O4 structure, where the only point symme-
try at the rare earth site is a mirror plane.
Beside the CEF, the energy levels are calculated by
multiX by taking into account the Coulomb and spin-
orbit interaction. The strength of these three effects can
be scaled in the model through semi-empirical parame-
ters. The computed spectra are fairly insensitive to the
scaling of the strength of the Coulomb and spin-orbit in-
teraction of the Hamiltonian. In consequence, only the
CEF scaling factor Sxtal was refined, resulting in a fair
agreement with the experimental spectra, as shown in
TABLE I. Direction and size in µB of the magnetic moments
as determined from crystal field calculations (CEF), using
multiX, and from a refinement of the magnetic Bragg peaks
of elastic neutron scattering (exp), for the two inequivalent
rare earth sites in the AkLn2O4 structure.
µa µb µc |µ| µa µb µc |µ|
Dy1CEF 9.4 2.4 0.1 9.7 Dy1exp 2.9 4.2 0.0 5.1
Dy2CEF 1.9 9.6 0.0 9.8 Dy2exp 0.0 2.3 0.0 2.3
Ho1CEF 1.2 9.6 0.0 9.7 Ho1exp Not ordered
Ho2CEF 0.0 0.0 7.9 7.9 Ho2exp 0.0 0.0 6.2 6.2
Fig. 1. For these spectra the data for all wave vectors |Q|
was summed. The calculations were carried out indepen-
dently for the two crystallographically inequivalent rare
earth sites, with a different CEF scaling factor for each
site. In order to compare the calculations with the in-
elastic neutron spectra, the contribution from both sites
was added. For BaDy2O4 the best fit was obtained with
SDy1xtal = 0.19 and S
Dy2
xtal = 0.64, and for BaHo2O4 with
SHo1xtal = 0.45 and S
Ho2
xtal = 0.58. These low values of the
Sxtal parameters are similar to what has been observed in
Sr(Dy,Ho)2O4
8, originating from the contraction of the
f -orbital, or an over-estimation of the ionic charges. An
additional parameter was added to model the experimen-
tal broadening of the spectra. In the case of BaDy2O4,
the level of the first excited state is found at E = 2.6 meV
and 42.9 meV for the Dy3+1 and Dy
3+
2 site, respectively,
while for BaHo2O4 these levels are much closer to the
ground states, with E = 0.2 meV and 0.3 meV for the
Ho3+1 and Ho
3+
2 , respectively. A comparison between the
energy levels obtained by fitting the inelastic neutron
scattering spectra and the position of the peaks in the
spectra is shown in Fig. 2. Here, the positions of the
experimental levels were determined by fitting Gaussian
functions to the peaks in the spectra.
The multiX calculations also predict the size and di-
rection of the magnetic moments. Each Dy3+ ion has a
doublet ground state protected by time reversal symme-
try due to the fact that Dy3+ is a Kramers ion. For each
Ho3+, which is a non-Kramers ion, the ground state is
treated as a pseudo-doublet because the lowest energy
states are two singlets separated by an energy differ-
ence smaller than the computational accuracy. The mo-
ments obtained by this procedure are listed in Table I.
For BaDy2O4, the moments for both sites lie in the ab-
plane, with one predominantly along the a-axis and the
other along the b-axis. For BaHo2O4, the first site has
a moment in the ab-plane, while for the second site, the
moment is along the c-axis. There is a clear distinction
between moments laying exclusively in the ab-plane or ex-
clusively along the c-axis — perpendicular or along the
chains. This points to a clear anisotropy of the magnetic
interactions, as previously observed for the Sr variant of
these compounds. We observe the following total mo-
ments per each site: |µDy1 | = 9.7µB, |µDy2 | = 9.8µB,|µHo1 | = 9.7µB, and |µHo2 | = 7.9µB. Of these, only
4the second Ho site has a moment which is significantly
lower than the effective moment expected from Hund’s
rules — 10.4µB for both Dy
3+ and Ho3+ ions40. Fit-
ting a Curie-Weiss model to the magnetic susceptibili-
ties at high temperatures results in an effective moment
µeff per magnetic site of 10.60(1)µB and 10.77(1)µB for
BaDy2O4 and BaHo2O4, respectively, with Curie-Weiss
temperatures θCW of −18.5(3) K and −10.9(3) K.
The calculations of the CEF levels with multiX are
fairly sensitive to the details of the crystallographic struc-
ture. The low symmetry of the structure is the source of
this complex level scheme, and slight distortions of the
structure could have a great impact on the results, as this
calculation is highly dependent on the atomic positions.
It is then important to determine whether any signifi-
cant distortion occurs upon cooling. For this, we refined
the lattice constants and the atomic positions within the
unit cell from the neutron diffraction spectra at high an-
gles 2θ, as the magnetic scattering intensity is stronger
at low angles. For BaHo2O4, a simultaneous refinement
of the data acquired at wavelengths λ of 1.886 A˚ and
1.155 A˚ was performed. Only a small variations of the
O distances is observed in the entire range of temper-
atures from 60 K down to 0.07 K, as shown in Fig. 3.
The chemical unit cell volume varies by about 0.5 A˚3 for
BaDy2O4, and there is no volume change for BaHo2O4
within the experimental accuracy. The slight change in
the lattice parameters of BaDy2O4 is accompanied by a
small increase of the Bragg peaks’ width. The intra-chain
distance between the rare earth atoms is also tempera-
0
5
10
15
20
25
30
35
40
45
En
erg
y (
me
V) 30
40
50
0
5
10
En
erg
y (
me
V)
Dy3+2
<latexit sha1 _base64="4nrf/qbdVaSKiIGip uwyjsem7iU=">AAACJHicbVBN T8JAFNziF+JXxaOXRjQxMSEtm qg3Ej14xMQKCSDZLlvYsN02u68 KafpXvOKf8WQ8ePGXeHCBHgSc ZJPJzHt5s+NFnCmw7S8jt7K6tr 6R3yxsbe/s7pn7xUcVxpJQl4Q 8lA0PK8qZoC4w4LQRSYoDj9O6N 7iZ+PVnKhULxQOMItoOcE8wnx EMWuqYxVaAoS+D5HaUdipPyfl Z2jFLdtmewlomTkZKKEOtY/60u iGJAyqAcKxU07EjaCdYAiOcpo VWrGiEyQD3aFNTgQOq2sk0e2qd aKVr+aHUT4A1Vf9uJDhQahR4e nKSVC16E/FfD5g+M3c8EfQFhtO F+UzgX7UTJqIYqCCzSH7MLQit SWVWl0lKgI80wUQy/SuL9LHEB HSxBV2Xs1jOMnEr5euyc39Rqh5 nveXRITpCp8hBl6iK7lANuYig IXpFY/RmjI1348P4nI3mjGznAM 3B+P4F2qSl4A==</latexit><latexit sha1 _base64="4nrf/qbdVaSKiIGip uwyjsem7iU=">AAACJHicbVBN T8JAFNziF+JXxaOXRjQxMSEtm qg3Ej14xMQKCSDZLlvYsN02u68 KafpXvOKf8WQ8ePGXeHCBHgSc ZJPJzHt5s+NFnCmw7S8jt7K6tr 6R3yxsbe/s7pn7xUcVxpJQl4Q 8lA0PK8qZoC4w4LQRSYoDj9O6N 7iZ+PVnKhULxQOMItoOcE8wnx EMWuqYxVaAoS+D5HaUdipPyfl Z2jFLdtmewlomTkZKKEOtY/60u iGJAyqAcKxU07EjaCdYAiOcpo VWrGiEyQD3aFNTgQOq2sk0e2qd aKVr+aHUT4A1Vf9uJDhQahR4e nKSVC16E/FfD5g+M3c8EfQFhtO F+UzgX7UTJqIYqCCzSH7MLQit SWVWl0lKgI80wUQy/SuL9LHEB HSxBV2Xs1jOMnEr5euyc39Rqh5 nveXRITpCp8hBl6iK7lANuYig IXpFY/RmjI1348P4nI3mjGznAM 3B+P4F2qSl4A==</latexit><latexit sha1 _base64="4nrf/qbdVaSKiIGip uwyjsem7iU=">AAACJHicbVBN T8JAFNziF+JXxaOXRjQxMSEtm qg3Ej14xMQKCSDZLlvYsN02u68 KafpXvOKf8WQ8ePGXeHCBHgSc ZJPJzHt5s+NFnCmw7S8jt7K6tr 6R3yxsbe/s7pn7xUcVxpJQl4Q 8lA0PK8qZoC4w4LQRSYoDj9O6N 7iZ+PVnKhULxQOMItoOcE8wnx EMWuqYxVaAoS+D5HaUdipPyfl Z2jFLdtmewlomTkZKKEOtY/60u iGJAyqAcKxU07EjaCdYAiOcpo VWrGiEyQD3aFNTgQOq2sk0e2qd aKVr+aHUT4A1Vf9uJDhQahR4e nKSVC16E/FfD5g+M3c8EfQFhtO F+UzgX7UTJqIYqCCzSH7MLQit SWVWl0lKgI80wUQy/SuL9LHEB HSxBV2Xs1jOMnEr5euyc39Rqh5 nveXRITpCp8hBl6iK7lANuYig IXpFY/RmjI1348P4nI3mjGznAM 3B+P4F2qSl4A==</latexit><latexit sha1 _base64="4nrf/qbdVaSKiIGip uwyjsem7iU=">AAACJHicbVBN T8JAFNziF+JXxaOXRjQxMSEtm qg3Ej14xMQKCSDZLlvYsN02u68 KafpXvOKf8WQ8ePGXeHCBHgSc ZJPJzHt5s+NFnCmw7S8jt7K6tr 6R3yxsbe/s7pn7xUcVxpJQl4Q 8lA0PK8qZoC4w4LQRSYoDj9O6N 7iZ+PVnKhULxQOMItoOcE8wnx EMWuqYxVaAoS+D5HaUdipPyfl Z2jFLdtmewlomTkZKKEOtY/60u iGJAyqAcKxU07EjaCdYAiOcpo VWrGiEyQD3aFNTgQOq2sk0e2qd aKVr+aHUT4A1Vf9uJDhQahR4e nKSVC16E/FfD5g+M3c8EfQFhtO F+UzgX7UTJqIYqCCzSH7MLQit SWVWl0lKgI80wUQy/SuL9LHEB HSxBV2Xs1jOMnEr5euyc39Rqh5 nveXRITpCp8hBl6iK7lANuYig IXpFY/RmjI1348P4nI3mjGznAM 3B+P4F2qSl4A==</latexit>
Dy3+1
<latexi t sha1_base64 ="uWPmT0OdlH FfIjUYRa2mhTv JLcQ=">AAACJH icbVBNS8NAFN z4WetXrEcvwSo IQklUUG8FPXis YG2hjWWz3bZLN 5uw+6ItIX/Fa /0znsSDF3+JBz dpDrZ1YGGYeY8 3O17ImQLb/jK WlldW19YLG8XN re2dXXOv9KiCS BJaJwEPZNPDin ImaB0YcNoMJc W+x2nDG96kfuO ZSsUC8QDjkLo+ 7gvWYwSDljpm qe1jGEg/vh0nH ecpPj9NOmbZrt gZrEXi5KSMctQ 65k+7G5DIpwI Ix0q1HDsEN8YS GOE0KbYjRUNMh rhPW5oK7FPlx ln2xDrWStfqBV I/AVam/t2Isa/ U2Pf0ZJpUzXup +K8HTJ+ZOR4L +gKjbGE2E/Su3 JiJMAIqyDRSL+ IWBFZamdVlkh LgY00wkUz/yiI DLDEBXWxR1+XM l7NI6meV64pzf 1GuHuW9FdABO kQnyEGXqIruUA 3VEUEj9Iom6M2 YGO/Gh/E5HV0 y8p19NAPj+xfY 8qXf</latexit ><latexi t sha1_base64 ="uWPmT0OdlH FfIjUYRa2mhTv JLcQ=">AAACJH icbVBNS8NAFN z4WetXrEcvwSo IQklUUG8FPXis YG2hjWWz3bZLN 5uw+6ItIX/Fa /0znsSDF3+JBz dpDrZ1YGGYeY8 3O17ImQLb/jK WlldW19YLG8XN re2dXXOv9KiCS BJaJwEPZNPDin ImaB0YcNoMJc W+x2nDG96kfuO ZSsUC8QDjkLo+ 7gvWYwSDljpm qe1jGEg/vh0nH ecpPj9NOmbZrt gZrEXi5KSMctQ 65k+7G5DIpwI Ix0q1HDsEN8YS GOE0KbYjRUNMh rhPW5oK7FPlx ln2xDrWStfqBV I/AVam/t2Isa/ U2Pf0ZJpUzXup +K8HTJ+ZOR4L +gKjbGE2E/Su3 JiJMAIqyDRSL+ IWBFZamdVlkh LgY00wkUz/yiI DLDEBXWxR1+XM l7NI6meV64pzf 1GuHuW9FdABO kQnyEGXqIruUA 3VEUEj9Iom6M2 YGO/Gh/E5HV0 y8p19NAPj+xfY 8qXf</latexit ><latexi t sha1_base64 ="uWPmT0OdlH FfIjUYRa2mhTv JLcQ=">AAACJH icbVBNS8NAFN z4WetXrEcvwSo IQklUUG8FPXis YG2hjWWz3bZLN 5uw+6ItIX/Fa /0znsSDF3+JBz dpDrZ1YGGYeY8 3O17ImQLb/jK WlldW19YLG8XN re2dXXOv9KiCS BJaJwEPZNPDin ImaB0YcNoMJc W+x2nDG96kfuO ZSsUC8QDjkLo+ 7gvWYwSDljpm qe1jGEg/vh0nH ecpPj9NOmbZrt gZrEXi5KSMctQ 65k+7G5DIpwI Ix0q1HDsEN8YS GOE0KbYjRUNMh rhPW5oK7FPlx ln2xDrWStfqBV I/AVam/t2Isa/ U2Pf0ZJpUzXup +K8HTJ+ZOR4L +gKjbGE2E/Su3 JiJMAIqyDRSL+ IWBFZamdVlkh LgY00wkUz/yiI DLDEBXWxR1+XM l7NI6meV64pzf 1GuHuW9FdABO kQnyEGXqIruUA 3VEUEj9Iom6M2 YGO/Gh/E5HV0 y8p19NAPj+xfY 8qXf</latexit ><latexi t sha1_base64 ="uWPmT0OdlH FfIjUYRa2mhTv JLcQ=">AAACJH icbVBNS8NAFN z4WetXrEcvwSo IQklUUG8FPXis YG2hjWWz3bZLN 5uw+6ItIX/Fa /0znsSDF3+JBz dpDrZ1YGGYeY8 3O17ImQLb/jK WlldW19YLG8XN re2dXXOv9KiCS BJaJwEPZNPDin ImaB0YcNoMJc W+x2nDG96kfuO ZSsUC8QDjkLo+ 7gvWYwSDljpm qe1jGEg/vh0nH ecpPj9NOmbZrt gZrEXi5KSMctQ 65k+7G5DIpwI Ix0q1HDsEN8YS GOE0KbYjRUNMh rhPW5oK7FPlx ln2xDrWStfqBV I/AVam/t2Isa/ U2Pf0ZJpUzXup +K8HTJ+ZOR4L +gKjbGE2E/Su3 JiJMAIqyDRSL+ IWBFZamdVlkh LgY00wkUz/yiI DLDEBXWxR1+XM l7NI6meV64pzf 1GuHuW9FdABO kQnyEGXqIruUA 3VEUEj9Iom6M2 YGO/Gh/E5HV0 y8p19NAPj+xfY 8qXf</latexit >
Ho3+1
<latexit sha1 _base64="C+wRsQHCjFJMP3WAO uJytg49+vg=">AAACJHicbVBN S8NAFNz4WetXrEcvwSoIQklUU G8FLz1WMLbQxrLZbtqlm03YfdG WkL/itf4ZT+LBi7/Eg9u0B9s6 sDDMvMebHT/mTIFtfxkrq2vrG5 uFreL2zu7evnlQelRRIgl1ScQ j2fSxopwJ6gIDTpuxpDj0OW34g 7uJ33imUrFIPMAopl6Ie4IFjG DQUscstUMMfRmmtSjrOE/p5Xn WMct2xc5hLRNnRspohnrH/Gl3I 5KEVADhWKmWY8fgpVgCI5xmxX aiaIzJAPdoS1OBQ6q8NM+eWada 6VpBJPUTYOXq340Uh0qNQl9PT pKqRW8i/usB02fmjqeCvsAwX5j PBMGNlzIRJ0AFmUYKEm5BZE0q s7pMUgJ8pAkmkulfWaSPJSagi y3qupzFcpaJe1G5rTj3V+Xqyay 3AjpCx+gMOegaVVEN1ZGLCBqi VzRGb8bYeDc+jM/p6Iox2zlEcz C+fwHOuKXZ</latexit><latexit sha1 _base64="C+wRsQHCjFJMP3WAO uJytg49+vg=">AAACJHicbVBN S8NAFNz4WetXrEcvwSoIQklUU G8FLz1WMLbQxrLZbtqlm03YfdG WkL/itf4ZT+LBi7/Eg9u0B9s6 sDDMvMebHT/mTIFtfxkrq2vrG5 uFreL2zu7evnlQelRRIgl1ScQ j2fSxopwJ6gIDTpuxpDj0OW34g 7uJ33imUrFIPMAopl6Ie4IFjG DQUscstUMMfRmmtSjrOE/p5Xn WMct2xc5hLRNnRspohnrH/Gl3I 5KEVADhWKmWY8fgpVgCI5xmxX aiaIzJAPdoS1OBQ6q8NM+eWada 6VpBJPUTYOXq340Uh0qNQl9PT pKqRW8i/usB02fmjqeCvsAwX5j PBMGNlzIRJ0AFmUYKEm5BZE0q s7pMUgJ8pAkmkulfWaSPJSagi y3qupzFcpaJe1G5rTj3V+Xqyay 3AjpCx+gMOegaVVEN1ZGLCBqi VzRGb8bYeDc+jM/p6Iox2zlEcz C+fwHOuKXZ</latexit><latexit sha1 _base64="C+wRsQHCjFJMP3WAO uJytg49+vg=">AAACJHicbVBN S8NAFNz4WetXrEcvwSoIQklUU G8FLz1WMLbQxrLZbtqlm03YfdG WkL/itf4ZT+LBi7/Eg9u0B9s6 sDDMvMebHT/mTIFtfxkrq2vrG5 uFreL2zu7evnlQelRRIgl1ScQ j2fSxopwJ6gIDTpuxpDj0OW34g 7uJ33imUrFIPMAopl6Ie4IFjG DQUscstUMMfRmmtSjrOE/p5Xn WMct2xc5hLRNnRspohnrH/Gl3I 5KEVADhWKmWY8fgpVgCI5xmxX aiaIzJAPdoS1OBQ6q8NM+eWada 6VpBJPUTYOXq340Uh0qNQl9PT pKqRW8i/usB02fmjqeCvsAwX5j PBMGNlzIRJ0AFmUYKEm5BZE0q s7pMUgJ8pAkmkulfWaSPJSagi y3qupzFcpaJe1G5rTj3V+Xqyay 3AjpCx+gMOegaVVEN1ZGLCBqi VzRGb8bYeDc+jM/p6Iox2zlEcz C+fwHOuKXZ</latexit><latexit sha1 _base64="C+wRsQHCjFJMP3WAO uJytg49+vg=">AAACJHicbVBN S8NAFNz4WetXrEcvwSoIQklUU G8FLz1WMLbQxrLZbtqlm03YfdG WkL/itf4ZT+LBi7/Eg9u0B9s6 sDDMvMebHT/mTIFtfxkrq2vrG5 uFreL2zu7evnlQelRRIgl1ScQ j2fSxopwJ6gIDTpuxpDj0OW34g 7uJ33imUrFIPMAopl6Ie4IFjG DQUscstUMMfRmmtSjrOE/p5Xn WMct2xc5hLRNnRspohnrH/Gl3I 5KEVADhWKmWY8fgpVgCI5xmxX aiaIzJAPdoS1OBQ6q8NM+eWada 6VpBJPUTYOXq340Uh0qNQl9PT pKqRW8i/usB02fmjqeCvsAwX5j PBMGNlzIRJ0AFmUYKEm5BZE0q s7pMUgJ8pAkmkulfWaSPJSagi y3qupzFcpaJe1G5rTj3V+Xqyay 3AjpCx+gMOegaVVEN1ZGLCBqi VzRGb8bYeDc+jM/p6Iox2zlEcz C+fwHOuKXZ</latexit>
Ho3+2
<latexit sha1 _base64="t37lqlyOuS72qYnpe lp3pTt2Uug=">AAACJHicbVBN T8JAFNziF+JXxaOXRjQxMSEtm qg3Ei8cMbFCAthsly1s2G6b3Ve FNPwVr/hnPBkPXvwlHlwKBwEn 2WQy817e7PgxZwps+8vIra1vbG 7ltws7u3v7B+Zh8VFFiSTUJRG PZNPHinImqAsMOG3GkuLQ57ThD +6mfuOZSsUi8QCjmHZC3BMsYA SDljyz2A4x9GWY1qKxV3lKLy/ Gnlmyy3YGa5U4c1JCc9Q986fdj UgSUgGEY6Vajh1DJ8USGOF0XG gnisaYDHCPtjQVOKSqk2bZx9aZ VrpWEEn9BFiZ+ncjxaFSo9DXk 9Okatmbiv96wPSZheOpoC8wzBY WM0Fw00mZiBOggswiBQm3ILKm lVldJikBPtIEE8n0ryzSxxIT0 MUWdF3OcjmrxK2Ub8vO/VWpejr vLY+O0Qk6Rw66RlVUQ3XkIoKG 6BVN0JsxMd6ND+NzNpoz5jtHaA HG9y/QaqXa</latexit><latexit sha1 _base64="t37lqlyOuS72qYnpe lp3pTt2Uug=">AAACJHicbVBN T8JAFNziF+JXxaOXRjQxMSEtm qg3Ei8cMbFCAthsly1s2G6b3Ve FNPwVr/hnPBkPXvwlHlwKBwEn 2WQy817e7PgxZwps+8vIra1vbG 7ltws7u3v7B+Zh8VFFiSTUJRG PZNPHinImqAsMOG3GkuLQ57ThD +6mfuOZSsUi8QCjmHZC3BMsYA SDljyz2A4x9GWY1qKxV3lKLy/ Gnlmyy3YGa5U4c1JCc9Q986fdj UgSUgGEY6Vajh1DJ8USGOF0XG gnisaYDHCPtjQVOKSqk2bZx9aZ VrpWEEn9BFiZ+ncjxaFSo9DXk 9Okatmbiv96wPSZheOpoC8wzBY WM0Fw00mZiBOggswiBQm3ILKm lVldJikBPtIEE8n0ryzSxxIT0 MUWdF3OcjmrxK2Ub8vO/VWpejr vLY+O0Qk6Rw66RlVUQ3XkIoKG 6BVN0JsxMd6ND+NzNpoz5jtHaA HG9y/QaqXa</latexit><latexit sha1 _base64="t37lqlyOuS72qYnpe lp3pTt2Uug=">AAACJHicbVBN T8JAFNziF+JXxaOXRjQxMSEtm qg3Ei8cMbFCAthsly1s2G6b3Ve FNPwVr/hnPBkPXvwlHlwKBwEn 2WQy817e7PgxZwps+8vIra1vbG 7ltws7u3v7B+Zh8VFFiSTUJRG PZNPHinImqAsMOG3GkuLQ57ThD +6mfuOZSsUi8QCjmHZC3BMsYA SDljyz2A4x9GWY1qKxV3lKLy/ Gnlmyy3YGa5U4c1JCc9Q986fdj UgSUgGEY6Vajh1DJ8USGOF0XG gnisaYDHCPtjQVOKSqk2bZx9aZ VrpWEEn9BFiZ+ncjxaFSo9DXk 9Okatmbiv96wPSZheOpoC8wzBY WM0Fw00mZiBOggswiBQm3ILKm lVldJikBPtIEE8n0ryzSxxIT0 MUWdF3OcjmrxK2Ub8vO/VWpejr vLY+O0Qk6Rw66RlVUQ3XkIoKG 6BVN0JsxMd6ND+NzNpoz5jtHaA HG9y/QaqXa</latexit><latexit sha1 _base64="t37lqlyOuS72qYnpe lp3pTt2Uug=">AAACJHicbVBN T8JAFNziF+JXxaOXRjQxMSEtm qg3Ei8cMbFCAthsly1s2G6b3Ve FNPwVr/hnPBkPXvwlHlwKBwEn 2WQy817e7PgxZwps+8vIra1vbG 7ltws7u3v7B+Zh8VFFiSTUJRG PZNPHinImqAsMOG3GkuLQ57ThD +6mfuOZSsUi8QCjmHZC3BMsYA SDljyz2A4x9GWY1qKxV3lKLy/ Gnlmyy3YGa5U4c1JCc9Q986fdj UgSUgGEY6Vajh1DJ8USGOF0XG gnisaYDHCPtjQVOKSqk2bZx9aZ VrpWEEn9BFiZ+ncjxaFSo9DXk 9Okatmbiv96wPSZheOpoC8wzBY WM0Fw00mZiBOggswiBQm3ILKm lVldJikBPtIEE8n0ryzSxxIT0 MUWdF3OcjmrxK2Ub8vO/VWpejr vLY+O0Qk6Rw66RlVUQ3XkIoKG 6BVN0JsxMd6ND+NzNpoz5jtHaA HG9y/QaqXa</latexit>
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FIG. 2. The CEF level scheme of BaDy2O4 (left) and
BaHo2O4 (right) as established by fitting the levels from
multiX to the inelastic neutron scattering spectra measured
at T = 7 K. The thick lines in the theoretical levels repre-
sent doublet or clear pseudo-doublet states, regular lines are
singlet states, and dashed lines indicate levels of significantly
lower intensity, which makes them hard to see in Fig. 1. For a
comparison with the calculations, Gaussian peaks were fitted
to the visible peaks of the inelastic neutron scattering spectra,
where the center of each Gaussian is shown as a line.
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FIG. 3. Temperature dependence of the crystal structure from
a refinement of the elastic neutron scattering data. Figures
(a)–(d) show the distance between the rare earth atoms and
the six surrounding O atoms, which is constant within the
resolution of our experiment. The labels on the O atoms rep-
resent their four different positions in this crystal structure.
Figures (e)–(f) present the very small variation of the unit
cell volume.
ture independent and not affected by the magnetic order.
The dimension of the O octahedra surrounding the mag-
netic ions have the biggest influence on the CEF split-
ting, and a thermal distortion would affect the single-ion
anisotropy. However, no such distortion is observed for
both BaDy2O4 and BaHo2O4. Such a distortion was pre-
viously noted in the structurally equivalent compounds
of SrTb2O4 and SrTm2O4
9,41, but the change in these
compounds is rather subtle and below our experimen-
tal resolution. For BaDy2O4, the lattice parameters are
a = 10.4068(3) A˚, b = 12.1131(3) A˚ and c = 3.46985(10)
A˚ at T = 0.07 K, and for BaHo2O4, a = 10.3864(3) A˚,
b = 12.0852(2) A˚ and c = 3.44754(8) A˚ at T = 0.20 K.
These values are similar to those reported by Doi et al.33.
The CEF level scheme of BaDy2O4 was robust to repo-
sitioning the atoms within the error bars of our structural
refinement and only a scaling of the level separation was
observed. However, in BaHo2O4, the level scheme was
more strongly affected, and significantly changes when
the O positions are set to the limit of the uncertainties of
our refinement. Despite the absence of clear structural
changes, the multiX calculations would nonetheless ben-
efit from higher resolution data from a X-ray synchrotron
source to observe potential distortion of the O octahedra.
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FIG. 4. Thermal evolution of the magnetic Bragg peaks at low
diffraction angles. The top panel shows the magnetic peaks
of BaDy2O4 at Q of (
1
2
,0, 1
2
), ( 1
2
, 1
2
, 1
2
) and ( 1
2
,1, 1
2
), indicating
the presence of two propagation vectors, k1 = (
1
2
,0, 1
2
) and
k2 = (
1
2
, 1
2
, 1
2
). The data for BaHo2O4 is shown on the lower
panel, were magnetic peaks appear at k = (0,0,0) values of
Q.
Additional measurements are planned, such as electron
paramagnetic resonance (EPR) and photoluminescence
spectroscopy, as were used in the case of SrEr2O4
42 to
determine the CEF levels.
The motivation for carrying out these CEF calcula-
tions was to establish a basis for the characterization of
the magnetic structures in the following sections. The
results from the CEF model for the magnetic anisotropy
and direction of the easy-axis are important for develop-
ing a magnetic model.
C. Magnetic structure
1. BaDy2O4
Information related to the ordering temperature as well
as the nature of the magnetic order can be deduced from
the temperature dependence of the powder diffraction
spectra. Spectra at low diffraction angles 2θ from base
temperature to T = 1 K are shown in Fig. 4. In the case
of BaDy2O4, upon cooling below T = 0.48 K, additional
Bragg peaks appear at 2θ’s of 16.5°, 17.1°, and 18.8°.
These peaks can be indexed with a momentum transfer
Q of ( 12 ,0,
1
2 ), (
1
2 ,
1
2 ,
1
2 ), and (
1
2 ,1,
1
2 ), which indicate a mag-
netic order with two propagation vectors k1 = (
1
2 ,0,
1
2 )
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FIG. 5. Region showing the principal magnetic Bragg peaks
to illustrate the thermal evolution of the diffuse scatter-
ing. The diffusive scattering is clearly visible in the two-
dimensional color plots. Figures (a)–(b) show a sawtooth fea-
ture for BaDy2O4, which is centered at 2θ ∼ 18° just above
the transition. Figures (c)–(d) present a similar feature for
BaHo2O4, also centered at 2θ ∼ 18°, which persists to tem-
peratures below the ordering temperature of 0.84 K.
and k2 = (
1
2 ,
1
2 ,
1
2 ).
On a wider range of angles, as shown in Fig. 5(a)–(b),
one can notice the evolution of an additional magnetic
scattering signal when the magnetic transition tempera-
ture is approached. This additional signal has the form
of a sawtooth, which is reminiscent of the powder average
from one-, or two-dimensional magnetic correlations43,44.
This diffuse scattering is present in both compounds, and
contrary to what one would expect for a fully ordered sys-
tem, it does not completely disappear with the onset of
the magnetic Bragg peaks, but remains visible down to
the lowest measured temperatures. The main feature of
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FIG. 6. FullProf refinement of the neutron diffraction pat-
terns of BaDy2O4 (top) and BaHo2O4 (bottom) taken at
T = 0.07 K and 0.20 K, respectively. The nuclear and the
different magnetic contributions are plotted separately. In
BaDy2O4, the magnetic contributions come from two wave
vectors k1 = (
1
2
,0, 1
2
) and k2 = (
1
2
, 1
2
, 1
2
). In BaHo2O4, the
magnetic contributions have a single wave vector k0 = (0,0,0),
but two different irreducible representations, Γ1 and Γ2. This
results in two magnetic transitions with different critical tem-
peratures. The lowest panels shows the refinement of the
BaHo2O4 data close to the lower transition, where a new set
of Bragg peaks emerges as the temperature is lowered from
0.9 K to 0.8 K.
the diffuse scattering is located between the Bragg peaks
at Q = ( 12 ,
1
2 ,
1
2 ) and (
1
2 ,1,
1
2 ), at 2θ ∼ 18°. It is outlined
by the strong scattering intensity in the color plot and
clearly visible up to at least T = 2 K. Below the transi-
tion, this feature is harder to see due to high density of
magnetic Bragg peaks, but it persists down to the lowest
measured temperatures. The color plot ends at T = 2 K,
as the next pattern at a higher temperature was only
taken at 30 K.
The result of the refinement of the BaDy2O4 diffrac-
tion pattern is shown in the top panel of Fig. 6. The
natural solution for this magnetic order is that the two
different ordering vectors are each associated with a crys-
tallographically different rare earth site. The sharpness
of the magnetic Bragg peaks indicates that the order is
long-range, as their widths are comparable to the nuclear
Bragg peaks. A visualization of the structures is given in
Fig. 7.
Each of the two magnetic sites forms a chain which
has a double Ne´el structure with a ↑↑↓↓ motif. As noted
in Fig. 4, site 1 has a propagation vector k1 = (
1
2 ,0,
1
2 )
and site 2 has k2 = (
1
2 ,
1
2 ,
1
2 ), quadrupling and octupling
the volume of the chemical unit cell. Both ordering vec-
tors correspond to the same Shubnikov group with differ-
ent irreducible representations (irreps) of the space group
Pnam, as listed in Table II. Chain A has a ↑↑↓↓ motif for
both sites. In contrast, on chain B, one site has a ↑↑↓↓
motif, the other a ↓↑↑↓ motif.
The structure was refined for all measured tempera-
tures, which made it possible to extract the temperature
dependence of the size and direction of the magnetic mo-
ments. For this analysis, the scaling parameters in the
refinement were fixed to the one from the nuclear Bragg
peaks intensity, in order to obtain the correct moment
size. The results for both propagation vectors and irreps
are shown in Fig. 8.
From the refinement, we know that both moments are
laying in the ab-plane: µk1 = (2.9, 4.2, 0.0)µB and
µk2 = (0.0, 2.3, 0.0)µB. Also, both moments order si-
multaneously at TN = 0.48 K, within the temperature
resolution of our experiment, and they saturate already
by 0.30 K.
From the analysis of the powder spectra, it is not pos-
sible to assign the different wave vectors to a particular
rare earth site — the χ2 from the refinements are not
significantly different when we exchange the sites, or if
both wave vectors are confined to a single site. Nonethe-
less, identification of the sites is possible by comparing
the direction of the magnetic moments obtained from the
CEF calculations for the different crystallographic sites,
listed in Table I, with the direction of the moments from
the refinement of the powder spectra. For BaDy2O4, the
multiX calculations and the refinement from the experi-
mental diffraction pattern both show that both moments
are restricted to the ab-plane. We can now use the rel-
ative strength of the components along a and b to dis-
tinguish between the two sites — the moment µDy1 is
stronger along a and the moment µDy2 stronger along
b. The resulting magnetic structure is shown in Fig. 7,
where we show the different sites and chains separately
for clarity. The discrepancies between the size of the
magnetic moments from the refinements and those pre-
dicted by the CEF calculations can be explained by the
presence of diffuse scattering, analyzed in Sec. II D.
2. BaHo2O4
For BaHo2O4, new peaks are observed for tempera-
tures below T = 0.84 K at values of Q corresponding
to a propagation vector k0 = (0,0,0). They are clearly
visible at low angles in Fig. 4. Additional intensity also
appears at the position of nuclear Bragg peaks at higher
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FIG. 7. Arrangement of the rare earth atoms and magnetic structure of BaDy2O4 and BaHo2O4. The left side illustrates a
view of the ab-plane, exhibiting the honeycomb pattern of the rare earth atoms, where the dotted box is a chemical unit cell.
For a clearer view, Ba and O atoms were omitted, and the crystallographically non-equivalent rare earth sites, which each
consist of two chains stretching along the c-axis, are shown in a different color. J1 and J2 are the interaction constants for the
nearest and next-nearest neighbors along the chains, while J3 and J4 are the interaction constants between nearest neighbors
outside the chains, located in direction of a and b, respectively. On the right side of the figure, the chains along the c-axis are
isolated and projected onto the bc-plane. In BaDy2O4, both ordering vectors represent a double Ne´el arrangement. For k1, the
two chains A and B stay equivalent. However, for k2, the moments on chain B are shifted by one position with respect to their
positions on chain A. Only a single transition temperature is observed, for both wave vectors. In BaHo2O4, site 2 exhibits a
simple Ne´el order, which is split into two different irreps. Each irrep has its own ordering temperature while the moments on
site 1 do not order.
TABLE II. Basis vectors of the irreducible representations of the space group Pnam (No. 62), where the magnetic ions occupy
position 4c which has a m symmetry, for each propagation vector k of the magnetic structures of BaDy2O4 and BaHo2O4.
BaDy2O4 k1 = (
1
2
,0, 1
2
) k2 = (
1
2
, 1
2
, 1
2
)
x,y,z (C1 − iC4, C2 − iC5, C3 + iC6) (C1 − iC4, C2 − iC5, C3 + iC6)
-x,-y,z+ 1
2
(−C4 + iC1,−C5 + iC2,−C6 − iC3) (−C4 + iC1,−C5 + iC2,−C6 − iC3)
x+ 1
2
,-y+ 1
2
,-z+ 1
2
(−C4 − iC1, C5 + iC2,−C6 + iC3) (C4 + iC1,−C5 − iC2,−C6 + iC3)
-x+ 1
2
,y+ 1
2
,-z (C1 + iC4,−C2 − iC5, C3 − iC6) (C1 + iC4,−C2 − iC5,−C3 + iC6)
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diffraction angles.
The diffusive scattering in Fig. 5(c)–(d) is similar to
the case of BaDy2O4. However, it is easier to see in
BaHo2O4 with its k0 propagation vector, where once
again the diffusive signal is stronger at 2θ ∼ 18°. This
diffuse scattering signal is still visible on the otherwise
stable background up to T = 30 K, but also persist be-
low the magnetic transition down to 0.20 K where the
feature becomes much sharper.
The result of the refinement of the diffraction pat-
terns is shown in the lower panels of Fig. 6. Like its
sister compound BaDy2O4, BaHo2O4 possesses two dis-
tinct magnetic orders, characterized by sharp resolution
limited magnetic Bragg peaks. In this case, they con-
sist of simple Ne´el chains ↑↓↑↓ with a propagation vector
k0 = (0,0,0), which does not increase the size of the unit
cell. Two magnetic orders with different irreps, Γ1 and
Γ2, are nonetheless needed in order to adequately account
for magnetic scattering intensities. With such propaga-
tion vector, each possible irrep is forced by symmetry
to either carry a moment in the ab-plane or along the
c-axis, whereas the irreps of k1 and k2 of BaDy2O4 are
not restraining the moment direction.
Moreover, a close inspection of the data together with
the refinement, presented in the lower panels of Fig. 6,
show that the two orders — or sets of Bragg peaks —
appear in two steps. The contribution from Γ1 indicates
order at 0.84 K, and the one from Γ2 orders between 1 K
8and 2 K, a temperature range in which unfortunately
no additional was gathered. Both orders share the same
propagation vector and have ordered moments perpen-
dicular to the ab-plane, pointing along c. Interestingly,
this points to a coexistence of the ordered moments on
site 2, leaving the moment on site 1 disordered. This is
then consistent with the multiX calculations which show
that the moment of the Ho on site 2, µHo2 , points along
c while the moment on site 1, µHo1 , is restricted to the
ab-plane. There are several possibilities to interpret this
structure from the powder diffraction refinement. One
rather unusual interpretation is to treat the two orders
as distinct phases. This would imply the superposition
of the two orders on the same site, resulting in magnetic
moments on chains A and B with starkly different sizes.
The more physical scenario is that the correlations
in the chains nucleate either one of the two magnetic
structures, leading to a phase separation within a sin-
gle chain. In this case, the same moment is placed
on both irreps, while the phase fraction is allowed to
vary. The refinement of BaHo2O4 yields a total moment
µk0 = (0.0, 0.0, 6.2)µB, where the moment increases
with decreasing temperature in two steps, as seen in the
lower panel of Fig. 8. The inset shows the phase fraction
of each irrep, normalized to 1. From TNΓ2 ∼ 1.3 K down
to the second ordering temperature TNΓ1 = 0.84 K, only
Γ2 contributes to the magnetic diffraction. At this tem-
perature, a new set of Bragg peaks characterized by Γ1
appears. For temperatures below the onset of the new
Bragg peaks, near T = 0.75 K, the phase fraction stabi-
lizes at a ratio 80% of Γ1 and 20% of Γ2. This conclusion
is also supported by our analysis of the diffuse scattering
intensity, detailed in the next section.
Previous specific heat measurements on powder of
BaHo2O4 report only one antiferromagnetic phase tran-
sition at TN = 0.8 K
33. This is in contradiction
with our own measurements which show a transition at
TN = 1.2 K, which is close to TNΓ2 ∼ 1.3 K, associated
with the linear extrapolation of the moment size in Fig. 8.
The specific heat measurements shown in Fig. 9 were
performed on small single crystals obtained through flux
growth34. The large increase seen at the lowest tempera-
tures is the signature of a nuclear Schottky contribution
Cnuc. Subtracting Cnuc from the measured data yields
the magnetic contribution Cmag, as in this temperature
range, the lattice contribution is negligible. The entropy
Smag is calculated by integrating Cmag(T )/T . While the
temperature range is too narrow to show a saturation, it
is interesting at this point to note that the magnetic tran-
sition has only a very small contribution to the entropy
of the system. Just above TN = 1.2 K, it is well below the
expected value of R ln(2) for the ordering of a doublet,
where R is the universal gas constant. This indicates
very little difference in entropy between the fluctuating
chains and long-range magnetic order.
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FIG. 8. Size and direction of the magnetic moment as deter-
mined from the refinement of the neutron powder diffraction
data. In BaDy2O4, the moments for both wave vectors k1
and k2 order simultaneously at TN = 0.48 K. In BaHo2O4,
the two irreps, which have the same wave vector k0 = (0, 0, 0),
order at different temperatures. The dotted lines are linear
extrapolations. The inset shows the phase fraction of the two
irreps, where Γ2 orders at approximately TNΓ2 ∼ 1.3 K, and
Γ1 at TNΓ1 = 0.84 K. At the lowest temperatures, the ratio
between the two irreps stabilizes at 80%–20%.
D. 1D magnetic correlations in diffuse scattering
Diffuse scattering can be harnessed to determine use-
ful information, not only concerning the dimensionality
of the interactions, but also the size and direction of the
associated moments. Furthermore, it exposes the remain-
ing magnetism from the sites which do not order.
The shape of the diffuse scattering is similar to what
has been observed in SrDy2O4 and SrHo2O4. The saw-
tooth spectra isolated in Fig. 10 do not show the high fre-
quency oscillations expected for the case of two- or three-
dimensional correlations8. This is an indication that the
fluctuations are mainly 1D. From our multiX calcula-
tions, we found that the moments are Ising-like. As
these sites form zigzag chains along the c-axis, the sim-
plest model representing these systems is the 1D ANNNI
model18. In its original iteration, the spins are collinear
in a chain with two interactions: J1 between nearest
neighbors and J2 between next-nearest neighbors. This
model is equivalent to a zigzag chain where J1 is along
the diagonal connection and J2 along the direction of the
chain, which in our case is the c-axis.
For the analysis of the diffuse scattering, we calculated
the partial differential neutron scattering cross-section
9per solid angle Ω, per unit energy E45:
d2σ
dΩdEf
=
|kf |
|ki| e
−2W (Q)∑
αβ
(
δαβ − QαQβ|Q|2
)
Sαβmag(Q, ω),
(2)
which is summed over the Cartesian coordinates α and
β. Here, the scattering function Sαβmag(Q, ω) is defined as
Sαβmag(Q, ω) =
(γnr0g
2
)∫
dte−iωt
×
∑
ll′
f∗l (Q)f
∗
l′(Q)e
iQ·(rl−rl′ )〈Sαl (0)Sβl′ (t)〉, (3)
where 〈Sαl (0)Sβl′ (t)〉 is the spin-spin correlation function.
Also, γn is the gyromagnetic ratio of the neutron, r0 the
classical electron radius, g the Lande´ g-factor, ki and kf
the wave vectors of the incident and scattered neutrons,
Q = ki−kf the momentum transfer, f(Q) the magnetic
form factor, and e−2W (Q) the Debye-Waller factor. The
sum has to be taken over all magnetic atoms. In an
elastic case, where the energy transfer is negligible, a
static approximation reduces the scattering function to
Sαβmag(Q) =
(γnr0g
2
)
×
∑
ll′
f∗l (Q)f
∗
l′(Q)e
iQ·(rl−rl′ )〈Sαl Sβl′ 〉. (4)
The spin-spin correlation function can be written as
〈Sαl Sβl′ 〉 = |µ|2gll′(J1, J2, T ), (5)
where gll′ is the site dependent correlation function be-
tween the spins on positions l and l′ for given interac-
tions J1 and J2, at a temperature T . In the case of the
1D ANNNI model, the correlation function is known in
the thermodynamic limit46. The powder average has to
be calculated for comparison with the powder data. It is
defined as the integral of the scattering function over the
solid angle47:
S¯(|Q|) =
∫
dΩQˆ
4pi
S(Q). (6)
The diffuse scattering is isolated from the diffraction
pattern by subtracting the contributions from the nu-
clear and magnetic Bragg peaks. This results in the
diffuse scattering intensity plus a background, as shown
in Fig. 10. This figure shows the diffuse scattering for
temperatures above and below the formation of order.
Strong peaks originating from the copper sample holder
were excluded from the spectra. This allows us to fit
the residual spectrum using the magnetic interactions J1
and J2, and the moment size |µ|, as adjustable param-
eters. The background is fitted with a smooth fourth
order polynomial.
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FIG. 9. Specific heat measurement of BaHo2O4 on single crys-
tals as a function of T . The dark red points are the measured
specific heat Ctotal, the dashed line the calculated nuclear
contribution Cnuc, and the orange points the magnetic con-
tribution Cmag, resulting from the subtraction of Cnuc from
Ctotal. A small anomaly is located around T = 1.2 K, coher-
ent with the magnetic transition observed in neutron pow-
der diffraction. The blue circles are the magnetic entropy
Smag, calculated from
∫
Cmag(T )/TdT , and associated with
the right-sided axis.
A closer inspection of the model shows that it is
strongly dependent on the interaction ratio J2/J1 and is
fairly insensitive to their individual values. Various com-
binations of J1 and J2, for a given interaction ratio, will
produce a curve with a similar deviation χ2 between the
model and the data. Unfortunately, this means that it is
not possible to determine the absolute size of J1 and J2,
but only their ratio J2/J1. However, the calculated spec-
tra are sensitive to the sign of the interaction constants,
i.e. whether they are ferromagnetic or antiferromagnetic.
Note the sharp features in the diffuse scattering which are
located near values of |Q| = (n + 12 )c∗ = (2n + 1)pi/c.
These positions are indicated by the vertical dashed lines
in Fig. 10. For these sawtooth features, the sign of J1 de-
termines if the leading edge is to the left or the right of
the dashed line. For a negative J1, the edge is located on
the right. That the periodicity is inversely proportional
to c is a further indication for the 1D character of these
interactions.
Furthermore, the fact that neutrons interact only with
magnetic moments which are perpendicular to the mo-
mentum transfer strongly affects the profile of the diffuse
scattering. The dot product Q · (rl − rl′) in Sαβmag(Q, ω)
results in a much stronger contribution for any Q along
the rare earth chains, which run parallel to the c-axis.
A spin orientation along c produces a significantly lower
scattering intensity with broader features than a spin in
the ab-plane. For this reason, a spin along c can be hard
to detect in the presence of a large spin component re-
siding in the ab-plane. The geometry of the chains also
makes it hard to distinguish an alignment of the spins
along a or b.
The model contains one zigzag chain. In our struc-
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FIG. 10. Selection of diffuse scattering spectra below and above the transition temperatures for BaDy2O4 and BaHo2O4, and
their fits with the ANNNI model. The red dots are the powder diffraction pattern after subtraction of the nuclear and magnetic
Bragg peaks, which then consists of the diffuse magnetic signal and a background. The gaps in the experimental spectra are
due to the strong nuclear peaks from the copper sample holder, which were removed. The dotted gray line is the background
and the black line the total calculated scattering function, where the contribution from site 1 is shown in orange and from site
2 in blue. Figures (a)–(b) show BaDy2O4 at T = 0.20 K, which is below the transition, and at 1 K, which is above. A moment
in the ab-plane is present on site 1 at T = 0.20 K, which is kept at the same size at 1 K, where an additional moment in the
same plane is added for the site 2. Figures (c)–(d) show BaHo2O4 at T = 0.20 K and 1 K, with a moment in the ab-plane on
site 1 and a moment along c on site 2. Vertical lines are placed at |Q| = pi/c and |Q| = 3pi/c. The lower figures (e)–(h)
display the correlation between rare earth atoms within a chain as a function of the number of atoms separating them.
ture, the two crystallographically inequivalent rare earth
atoms are interacting along separated chains, resulting in
a total of four chains within a chemical unit cell — two
on site 1, two on site 2. As the two types of chain are sit-
ting on two inequivalent sites, they are treated with their
own set of magnetic interactions J1 and J2, and moment
µ. The only difference between the chains A and B of a
given rare earth site will be the atomic position, as shown
in Fig. 7. The total calculated spectra will then consist
of the sum of the contributions from these four chains,
plus a background. The number of atoms contained in a
chain is set to such a high number, that the correlations
converge to zero over the length of the chain.
While the model includes size and direction of the mo-
ments, only the sizes are fitted, with the directions fixed
to the easy-axis obtained from the CEF calculations. The
contributions from each site are shown as the orange and
blue curves in Fig. 10. In order to keep the size of the
moments stable, the polynomial background was fitted at
a temperature where there is a clear and known contri-
bution from both sites. The background was kept fixed
afterwards. The size of the moments in Eq. 5 was scaled
so that they match the values from the FullProf re-
finements. The results of this procedure are presented in
Fig. 11.
Since the systems do not show significant structural
change with temperature, the ratio of the exchange con-
stants are therefore expected to remain constant. This
ratio was obtained while simultaneously fitting several
spectra recorded at a number of temperatures. This
strategy was chosen to alleviate problems which could
skew this value if too many spectra at temperatures close
to the phase transition were chosen. Spectra taken at the
lowest measured temperatures are also discarded, as dif-
ferent chains will eventually start to interact with each
other.
1. BaDy2O4
The sharp sawtooth seen at T = 1 K suggests that only
magnetism in the ab-plane is present, with no contribu-
tion from moments parallel to the c-axis, as this would
result in broader features. This is also coherent with the
direction of the moments obtained from multiX. The
ANNNI model was then fitted with moments in the ab-
plane for both sites. The experimental scattering inten-
sity in Fig. 10(a)–(b) strongly decreases with tempera-
ture, but stabilizes at T = 0.30 K. It is interesting to
note that the diffuse scattering intensity persists down
to T = 0.07 K, after the onset of magnetic Bragg peaks.
The diffusive intensity at T = 0.07 K still represented
roughly half the size of the diffusive scattering intensity
at T = 1 K. As expected, the trend of the magnetic scat-
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tering intensity is the opposite to the one seen for the
magnetic Bragg peaks — the intensity of the diffuse mag-
netic scattering decreases with lower temperatures. This
seems to indicate that weight from the diffusive scatter-
ing is transferred to the magnetic Bragg peaks.
This leads to two possible scenarios presented in
Fig. 11(a)–(b). In scenario (1), the size of the magnetic
moments, which are responsible for the diffuse scattering
on both sites, have the same temperature dependence,
as seen in the thermal evolution of the magnetic Bragg
peaks. However, this would mean that despite the mag-
netic order manifested through the presence of Bragg
peaks, moments of the size of nearly 4µB and 2µB would
continue to fluctuate down to T = 0.07 K on both sites.
Or (2), a case where one of the site is not ordering. Here,
the intensity of the diffuse scattering associated with site
2 is decreasing to zero for the lowest temperatures. The
diffuse scattering seen at low temperature will then be en-
tirely located on the site 1 which will remain in a strongly
fluctuating state with a moment size of 5.2(2)µB. This
is the scenario shown in Fig. 10(a)–(b), as the compo-
nents are more easily separated, and the plot readable.
For this case, the moment on site 1 was fitted at low tem-
peratures, where only one contribution would be present,
and kept fixed. This prevents that a similar contribution
from the other site mixes in the fitting process.
For case (1), shown in Fig. 11(a), both sites have an-
tiferromagnetic interactions with their nearest neighbors
and next-nearest neighbors. The ratios J2/J1 are 0.59
and 0.60 for the site 1 and 2, respectively, which are
both higher than 1/2. This implies that the atoms in
the chains of both sites are interacting as a double Ne´el
state, consistent with the FullProf analysis. For case
(2), shown in Fig. 11(b), similar values are obtained with
J2/J1 of 0.55 and 0.61 for the site 1 and 2, respectively.
As expected, the site that does not order has a ratio
J2/J1 which is closer to the critical value of 1/2.
The correlation function gives the distance over which
sites are correlated, as shown in the lower panels of
Fig. 10. Temperature and the ratio J2/J1 are affect-
ing this length — it decreases when the temperature in-
creases, and when the ratio J2/J1 is getting closer to
1/2. This is coherent with the observation that the or-
dered sites have larger ratio J2/J1 than the fluctuating
sites, thus having correlations on a longer range. For
case (1), where both sites remain in a fluctuating state,
both will have an interaction range of about 20 neigh-
bors at T = 1 K, which increases to nearly 150 neighbors
at 0.20 K. For the case (2), where one site does not or-
der, the correlation range is shorter at T = 1 K, with 10
neighbors, and it increases to 100 neighbors at 0.20 K.
Given that the two magnetic orders possess two differ-
ent propagation vectors, it is likely to consider the two
orders on separated sites. This was the interpretation re-
sulting from the magnetic Bragg peaks refinement. Case
(1) would then be the correct one. A proper interpre-
tation was here not possible solely based on the diffuse
scattering analysis.
2. BaHo2O4
For BaHo2O4, the analysis of the diffuse scattering at
T = 1 K is shown in Fig. 10(d). The shape of the spectra
indicates the presence of magnetic moments in the ab-
plane, as well as along c-axis. The component along c,
placed on site 2, decreases in intensity with temperature,
as expected due to the magnetic order, which develops
with moments along the c direction. The intensity of the
component with the moment in the ab-plane, placed on
site 1, remains constant in the temperature range from
2 K to 0.20 K, as shown in Fig. 11(c). This result suggests
that site 1 does not order down to 0.20 K and remains in a
strongly fluctuating state. From our analysis, we can thus
conclude that the moment on site 1 lies in the ab-plane
with a moment size of 8.8(3)µB, which is coherent with
the multiX calculations. This is another indication for
the fact that the magnetic order of both irreps coexist on
site 2. The result of this fit is shown in Fig. 11(c), where
the size of the moment on site 1 remains constant, and
the one on site 2 decreases to zero. Here, one can clearly
see the different transition temperatures of the two irreps
on site 2. The intensity slightly decrease between T = 2 K
and 0.80 K, as the order associated with kΓ2 develops,
but then sharply drops when the order associated with
kΓ1 sets in and the ordered moment becomes much larger.
There is no reason to believe that the diffuse scattering
intensity on site 2 is not going to zero, but since this
signal is broad and of low intensity at low temperature, it
could be mistaken as part of the background. Therefore,
it cannot be ruled out with certainty that site 2 is still
slightly fluctuating.
Site 1, which does not order, is characterized by all
antiferromagnetic interactions with a ratio J2/J1 = 0.56,
similar to BaDy2O4’s double Ne´el states. Site 2, which
orders, has a much lower ratio of 0.33 — below the crit-
ical value of 1/2 — again with all antiferromagnetic in-
teractions. It describes a simple Ne´el order, consistent
with the FullProf analysis. The site that does not or-
der also has a J2/J1 which is much closer to the critical
value of 1/2. At T = 1 K, site 2 has correlations with
up to 50 neighbors, while site 1 will interact with only
15 neighbors. At 0.20 K, the correlation length of site 1
increases to more than 150 sites.
The fits were limited to temperatures below 2 K, but
for BaHo2O4, multiple spectra were recorded at tempera-
tures above 2 K which show strong diffuse scattering and
sharp features up to 60 K, as can be seen in Fig. 11(d).
However, the ANNNI model with fixed J1 and J2 is un-
able to describe the observed spectra. A good fit would
require unphysically large magnetic moment sizes — or
a significant change in the values of J1 and J2, which
is not expected, as there is no significant change in the
crystal structure. On the other hand, it is possible that
the higher temperatures are causing the population of
higher CEF levels, which from the multiX calculation
have been shown to be rather close in energy to the
ground state. This could result in a set of more com-
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FIG. 11. Parameters from fitting the diffuse magnetic scat-
tering with the 1D ANNNI model. The intensities associated
with the different sites are scaled in respect to the total or-
dered moment in each compound. Figure (a) shows case (1)
for BaDy2O4 where we assumed that both sites order but also
remain in a fluctuating state. Figure (b) is the case (2) where
the remaining diffuse scattering is assigned to a single site
which does not order and has a fixed moment. The other site
then sees a strong decrease in the size of the moment with the
onset of magnetic order. Figure (c) shows for BaHo2O4 the
decreasing size of the moment of site 2. The moment on site 1
which remains in a strongly fluctuating state is temperature
independent. Figure (d) presents a waterfall plot showing the
complete evolution of an isolated region of diffuse scattering
of BaHo2O4 from T = 0.20 K to 60 K. The correlation are
still clearly visible at T = 60 K.
plex interactions and also affect their strength.
Despite the fitting constraint of having fixed interac-
tion constants, the χ2 only slightly increases from not
having a free ratio. Fixing the interaction constants will
nevertheless affect the fitting process, as the peak of the
sharp feature slightly drifts to higher |Q| with increas-
ing temperature. While the results are not significantly
affected in BaDy2O4 up to 1 K, this is mainly seen in
BaHo2O4. The shape of the diffuse scattering peak at
1 K would be more adequately represented, for a fixed J1,
with a slightly lower J2 on site 1, and a slightly higher
J2 on site 2. The interaction constants would have a
slow and linear shift in temperature from 0.20 K to 2 K,
with a ratio moving away from 1/2 as temperature in-
creases. While the change is not substantial, it affects
the position of the large features significantly and pro-
vides a better adjustment to the data, which would be
required if the model would be applied at temperatures
higher than 2 K. The calculations are also robust while
cell parameters and rare earth positions are repositioned
within the error bar — no change in the quality of the fit
is noticeable, regardless of the temperature. The appar-
ent shift in J2/J1 can thus not be explained by structural
change.
Nonetheless, the quality of the fits at lower tempera-
ture is an indication for the presence of strong 1D corre-
lations in these systems, as was observed in the case of
SrDy2O4 and SrHo2O4
8. While additional interactions
J3 and J4 between the chains, as defined in Fig. 7, are
expected to be non-negligible at very low temperatures7,
the ANNNI model still adequately accounts for the dif-
fusive part of our spectra.
III. DISCUSSION AND CONCLUSION
In conclusion, we have performed CEF calculations us-
ing multiX to interpret our inelastic neutron scattering
spectra. From these, we find a site-dependent magnetic
anisotropy as well as the presence of an easy-axis, which
is confined to either the ab-plane, or along the c-axis.
We measured the temperature dependence of the neu-
tron powder diffraction signal which we used to perform
a refinement of the magnetic Bragg peaks. These spec-
tra show strong diffusive components, which we fitted
using a 1D ANNNI model, confirming the coexistence of
long-range and short-range magnetic orders in both sam-
ples. In BaDy2O4, we observe magnetic order with two
different wave vectors but a single transition tempera-
ture of TN = 0.48 K. The ordered moments are restricted
to the ab-plane. Magnetic fluctuations remain impor-
tant to the lowest temperatures, even after the ordered
moments saturate. The direction of the fluctuating mo-
ment is shown to be in the ab-plane, the same plane as
the long-range order. For BaHo2O4, the magnetic or-
der has to two different irreps with the same propagation
vector k0 = (0,0,0). The transitions occur at different
temperatures, one at TNΓ1 = 0.84 K, and the other at
TNΓ1 ∼ 1.3 K. For both, the moments order along the
c-axis. Magnetic fluctuations also remain after the order
saturates, predominantly in the ab-plane. Agreements
between the intensities of the modeled diffuse scattering
and of the Bragg peaks indicate that interactions in these
samples are for the most part 1D and confined within a
specific zigzag chain.
This shares similarities with the behavior seen in
Sr(Dy,Ho)2O4. In SrHo2O4, the sites 1 and 2 are host of a
simple Ne´el long-range order along the c-axis, and a dou-
ble Ne´el short-range order in the ab-plane, respectively7.
On the other hand, no long-range order has been found
in SrDy2O4, but a detailed analysis of the diffuse scat-
tering shows the presence of short-range correlations on
both sites, with a spin alignment nonetheless in the same
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directions as the sites of SrHo2O4
10.
The compounds SrHo2O4
3,5–8, SrEr2O4
2,4, and
BaNd2O4
48, either through powders or single crystals
neutron diffraction, are showing the coexistence of long-
range (or quasi long-range) order and short-range order.
So far, however, SrYb2O4
12 is the only system where two
long-range orders were reported. Other compounds such
as BaTb2O4
49 and SrDy2O4
8 are only exhibiting short-
range order, while BaTm2O4
9 does not show any sign
of ordering. Of all the compounds studied in this fam-
ily, only SrGd2O4 shows two separated magnetic tran-
sition temperatures in zero-field, as seen from specific
heat measurements50. Its magnetic structure still re-
mains unsolved. Another compound which stands out
is SrTb2O4
41 where the long-range order is incommensu-
rate.
With our results on BaDy2O4 and BaHo2O4, we con-
firm the presence of two different types of long-range
magnetic order — with different transition temperatures
in one case — coexisting with fluctuating moments down
to the lowest measured temperatures, unveiling two com-
pounds with interesting and complex magnetic interac-
tions. Measurement on single crystals will soon follow.
This will allow us to describe more precisely the evolution
of the diffuse scattering, especially with the use of polar-
ized neutron scattering measurements which will help to
separate the contributions from the different sites. This
would also allow us to study the formation of magnetic
domains which were seen in Sr(Dy,Ho)2O4
7,10.
A conservative scenario for both samples is that only
one of the sites orders — hosting two types of mag-
netic order — and the other one remains fluctuating
down to the lowest measured temperatures. However,
from a combination of CEF calculations, refinement of
the Bragg peaks, and a description of the nature of the
diffuse scattering, there are strong indications for more
exotic magnetic behaviors. In the case of BaDy2O4, we
suggest the interesting possibility that both sites order,
but keep fluctuating down to the lowest temperatures.
This could then be a case of magnetic fragmentation,
which as been observed in the spin liquid phase of a py-
rochlore, where magnetic order and fluctuations coexist
on the same site51,52. Indications for a classical spin liq-
uid ground state was indeed found from an investigation
by ultrasound velocity measurements in the related com-
pound SrDy2O4
14, as well as by µSR53. BaDy2O4 might
presents a new class of magnetic ground state whose na-
ture is yet to be determined, which surely present an
interesting challenge.
Concerning BaHo2O4, we propose a scenario in which
only one of the two magnetic sites is ordering, initially
at TNΓ2 ∼ 1.3 K. A second order on the same site, with
a different irrep, takes place at TNΓ1 = 0.84 K, lead-
ing to a separation of the magnetic phase. The two phase
fractions evolve until they reach proportions of 20%–80%,
where the fraction associated with Γ1 becomes dominant.
This scenario might be the result of the growing influence
of the inter-chain interactions as the temperature is low-
ered. These interactions are required for long-range or-
der, and their evolving influence could suddenly privilege
one order over the other.
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